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NUMERICAL SIMULATIONS OF DETONATION TRANSMISSION

1. INTRODUCTION

The interaction between a propagating detonation and a bounding energetic medium can have a

significant influence both on the detonation itself and on the way energy is transmitted into the

bounding medium. When a detonation propagating through the primary explosive first comes

into contact with the bounding or secondary explosive, there is an initial transient phase during

which the basic interaction pattern becomes established. After that, there are a number of possible

types of structures that can form in the bounding material, the exact nature of which depends on

the specific properties of the two materials as well as on the degree of overdrive of the incident

detonation. Figure 1, a schematic of a detonation propagating through a layered material, shows

the blast wave transmitted into the bounding medium (the explosive bubble) and two of the simpler

possibilities for subsequent structures: an oblique detonation with Mach reflection from the lower

wall and an oblique shock with regulai reflection.

This type of interaction is a component of a number of very different types of problems. In

the case of gas-phase explosives, the interface between the primary detonation products and the

secondary explosive acts as a high-speed gaseous wedge that can induce an oblique detonation in

the secondary explosive, as shown on the far right of Figure 1. Such oblique detonations are the

basis of the oblique-detonation ramjet engine that has been proposed as a supersonic combustion

propulsion system [Sheng and Sislian 1985], and also are a fundamental component of detonation-

driven hypervelocity accelerators [Hertzberg et al. 1988]. It is also likely that reactive shock,

detonation waves, and wave interactions similar to those observed in layered detonations will arise

in supersonic propulsion systems such as the supersonic combustion ramjet.

For detonations in layered condensed explosives, the bounding medium generally has properties

different from those of the primary explosive. An important practical question in the design and use

z- 1Iyered explosives is whether a suitable combination of explosives can enhance the effectiveness

of the enrgy transmission norTpared to using a pure explosive with the same total energy. If

the primary and bounding explosives are identical, the layered deton&,tion patterr represents the

diffraction that occurs when a detonation propagates past a step or an increase in cross-sectional

area, a problem that also has been considered by bari t nd Scirder [1986]. If the wall of the

upper shock tube is considered as an axis of symmetry, the layered detonation also can represent

Manuscript approved June 25. 1991.



the propagation of a detonation from a smaller into a larger tube and then, as indicated by Matsui

and Lee [10791, the diameter of the smaller tube must exceed a certain critical value if a detonation

is to be initiated in the larger tube. This type of interaction also shows the effects of the presence

of a lower reflecting wall on the critical detonation diameter. If the wall of the lower channel is

considered the axis of symmetry, the layered detonation simulates an inner explosive sheathed in

an outer or primary explosive.

In order to observe experimentally the complex interactions between detonating layers of ad-

jacent explosives, a special double-layer shock-tube was developed and a series of experiments were

performed using various combinations of energetic and nonreactive gases in the upper and lower

layers [Liu et al. 1987, 1988]. High-speed Schlieren framing photographs were used to record the

details of the interaction process, pressure switches monitored the velocity of the primary detona-

tion, and two pressure transducers mounted on the top and bottom walls of the tube recorded the

pressure history in each channel. The first analyses of these experiments, using the theory of oblique

shock and detonation polars [Liu et al. 1988, Liou 1986, Fan et al. 19881, described a number of

possible final steady state shock and detonation configurations. The case in which the boundir-g

gas is inert, first considered by Dabora et al. [1965], showed that an oblique or detached shock is

generated in the bounding mixture. When the bounding gas is an explosive, there are a number of

possible configurations, two of which are a transmitted oblique shock, or oblique detonation if the

primary detonation is sufficiently strong. The theory also showed that other types of interactions

are possible [Liou 1986]. Dabora et al. [1991] also performed both experiments and shock-polar

studies for the case in which the bounding mixture is an explosive.

The experimental studies revealed that the actual detonation transmission process is often

dominated by an initial unsteady refraction process that cannot be described by a shock-polar

analysis. Often it is this process which seems to determine the nature of the final steady state

configuration. More recently, we have begun to compare these experiments and theoretical pre-

dictions to the results of detailed time-dependent numerical simulations [Jones et al. 1991a, Sichel

et al. 1990]. The power of the simulations is that for the problem solved, they give basic physical

quanLA:.z , such as densities, momenta, and energy, and thus any other quantities derived from

thbe,, as a function of timc and piI,=. Thc di :-.Culty, bo .:-ver, 1ies in an~l. Lg the ,qua.1itV 'v

data produced and in relating the problem actually solved, as determined by the numerical method

and the initial conditions, to the actual physical experiment, as determined by the experimental

apparatus and experimentally imposed initial conditions.
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In this paper, we first summarize the results of the numerical simulations and compare them

to related experimental Schlieren framing photographs. The calculaticzs modeled the layered det-

onations by solving the compressible two-dimensional unsteady equations for a chemically reactive

flow, and then the resulting interaction patterns were compared to those observed for gaseous ex-

plosives under similar conditions. Direct quantitative comparisons, however, are not yet possible

at this stage because the H2-02 mixtures considered in the simulation were diluted with argon

while the experiments were conducted using undiluted mixtures. Hovever, the point of describ-

ing and comparing simulations and related experiments here is to help understand the resulting

complex detonation structure that arises in different cases. The simulations do reproduce the

main interaction configurations observed in the experiments and give some confidence that the

numerical results are predicting the correct general structures. Then we describe the results of one

particularly interesting simulation of the interaction which occurs when a Chapman-Jouguet (CJ)

detonation, propagating through a stoichiometric gaseous fuel-oxidizer mixture, comes into contact

with a bounding leaner mixture of the same explosive.

In previous simulations, a strong blast wave was used to initiate the primary detonation so

that the transmitted detonation was initially overdriven [Jones et al. 1991a]. The result, depending

on the explosive mixtures considered, was that either the detonation failed or a steady interaction

pattern was rapidly established in the bounding mixture. The final wave structures obtained in

these simulations were in qualitative agreement with those observed in experiments conducted in

undiluted mixtures of the same explosive where the primary detonation was CJ.

Further computations were then performed in which the same diluted mixtures were used,

but the primary detonation was approximately a CJ detonation and not significantly overdriven.

In some cases, these results were somewhat different from those obtained for overdriven primary

detonations. As already mentioned, the case where the primary detonation is stoichiometric and the

secondary mixture is dilute is of particular interest. When the primary detonation was overdriven,

the secondary mixture ignited quickly and the final result was a complex, coupled detonation

structure moving at the CJ velocity of the primary material. When the primary detonation was
at the CJ velocity and not overdriven, the primary detonation initially decayed and app-ared to

die. Finally, due to the. interaction in a double Mach stem that formed after ,,hock reflection, the

secondary mixture ignited, the primary mixture reignited, and then the resulting configuration
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propagated as an extremely complex, dynaTic structure, perhaps on the brink of death, but not

dying. By the time the simulation was stopped, this detonation complex had accelerated to a

velocity intermediate between the CJ velocity of the two mixtures and was continuing to accelerate.

2. THE MODEL AND METHOD OF SOLUTION

Numerical simulations of gas-phase detonations are based on solutions of the compressible, time-

dependent, conservation equations for total mass density p, momentum pv, and energy E,

= -V-pv, (1)

apv
= -V-(pv)- VP, (2)

aE = -v. (Ev) - V. (vP), (3)

where v is the fluid velocity and P the pressure. In a multispecies fluid in which chemical reactions

result in transformations among the species, we also need individual species number densities {fh}.

oani
& = -V.niv+Q 1 -Lini, i = 1,...,N, (4)

where the { Qj} and {Li} are chemical production and loss terms, respectively, for species i. The

effects of molecular diffusion, thermal conduction, and radiative diffusion have been omitted from

these equations. The first two of these effects are generally insignificant on the time scales of

interest for detonations and the last is not significant for the hydrogen-oxygen systems of interest

here. There is a constraint that defines the total number density N,

N.

N = E., (5)
i= 1

where N, is the total number of different kinds of species present. The total energy E per unit

volume is a sum of the kinetic and internal energy,

1E = PVIV+Pf, (6)

where e is the specific internal energy.

An ideal-gas equation of state is used for the gas-phase calculations,

P - NkT =pRT. (7)
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Also, we assume

pe = pih,-P = ph- P (8)

hi =hi + .c dT, (9)

so that the properties of the individual species are taken into account. Here, k is Boltzmann's

constant, {h1 } the enthalpies of each species i, {hi,} the heats of formation, and {cp,} the specific

heats.

In all of the calculations described here, the full set of elementary chemical reactions, that

is, the complete set of {Qj} and { Lj} describing the elementary reactions, are not included in the

model. Instead, we use the induction parameter model that reproduces the essential features of the

chemical reaction and energy release process. In the earliest form of this model, three quantities

are tabulated as a function of temperature, pressure, and stoichiometry: the chemical induction

time, the time during which energy release actually takes place, and the amount of energy released.

These quantities may be obtained by integrating the full set of elementary chemical reactions,

as we have done !or hydrogen-oxygen combustion in this paper, or they may be gathered from

experimental data, as we have done previously for liquid nitromethane. Then a quantity called

the induction parameter is defined and convected with the fluid in a Lagrangian manner. This

parameter records the temperature history of a fluid element and, when the element is heated

long enough, energy release is initiated. Such a model works becase it reproduces the temperature

dependence of the chemical reactions. It is valid as long as the computational timestep is smaller

than any of the important fluid-dynamic fluctuations and for fast flows in which the convective

timescales are significantly faster than those for physical diffusion. The model was described by

Oran et al. [1981] and has been developed further by Kailasanath et al. [1985] and Guirguis et al.

[1986, 1987] for studies of the cellular structure of detonations. A similar approach was used for

hydrogen combustion by Korobienikov et al. 11981] and Taki and Fujiwara [1976], by Kaplan and

Oran [1990rfor propane combustion, and by Gubin and Sichel [1977] to model ignition delay in

vaporized sprays.

Here the induction parameter model is formulated in a slightly different way than first proposed.

We consider two materials: the gas in the upper tube or primary explosive and the gas in the lower

tube or secondary explosive, desio-n4ted by subscripts 1 and 2, respectively. Then the total density
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p is the sum of the densities,

P = P1 +P2. (10)

The two gases are initially separated in the upper and lower detonation tubes but subsequently

come into contact as the detonation in the upper tube encounters the end of the dividing barrier.

The chemical transformations that can occur in each gas or mixture of gases proceed by a two-step

process that models the full details of the interactions among the species. The first describes the

chemical induction period, which is the time during which the reactants break up, intermediate

radicals are formed, but there is not yet any substantial energy release so that the mixture remains

essentially thermoneutral. Many gases, and in particular hydrogen-oxygen mixtures, have well de-

fined chemical induction times. Energy release occurs in the second step and is a time of rapid

reactions and formation of stable products. In hydrogen-oxygen mixtures, this is the time when

intermediates such as atomic hydrogen, atomic oxygen, and hydroxyl radicals peak and the product

water is formed. In many gases, these two times are not so distinct or there are a number of inter-

mediate or even endothermic stages. The reaction mechanism for hydrogen-oxygen gases, however,

can be characterized appropriately by these two times [Burks and Oran 1981], and in this sense the

present model is similar to that used by Korobienikov et al. [1972]. It differs from Korobienikov's

model, however, in the way the input is derived and therefore in the level of approximation in some

regimes of temperature and pressure.

The time corresponding to the first step, the chemical induction period 7-0, is fit to an expression

of the form

Then the quantity f, denoting the fraction of the chemical induction time elapsed at time t, may

be found from
df = 1 (12)
dt 2-rQ (T , P)"

In the secund step, these reactants are converted to products according to the finite reaction rate

d _- wiAexp (Er) , (13)•dt R

where wi is the mass fraction of the reactant for each material. The constants A7 , E7 , A7 , and Er

are determined from integrating the full set of chemical reaction equations for each material. These

constants, rO, and the the variables w and f should all be written with the subscript i referring to

the specific material.
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The temperature and pressure in a computational cell are given by

P = _L--~ p&,T (14)

and

e - YwAE - (1)AF(T = (15)
17IC-1 + 172C-2

where i7i is the number-density fraction of species i in a computational cell and AE, C,,i, and m,

are the energy release, specific heat, and molecular weight for species i.

In a moving system, the time derivatives in Eqs. (12) and (13) indicate a substantial derivative

following a fluid particle as it moves through the system. When combined with the continuity

equation for each species, they can be rewritten in the same form as Eqs. (1) - (4), that is,

(P ') +V'(pwiv) = -pwAexp(-) , (16)

+= +4(, (17)

for each mixture i. These equations effectively replace Eq. (4).

The convective transport equations, those parts of Equations (1)-(4) (or in this case, Eqs. (16)

and (17)) excluding the chemical reaction terms, are solved using the nonlinear, fully compressible

flux-corrected transport (FCT) algorithm [Boris and Book 1976, Oran and Boris 1987]. The FCT

algorithm is an explicit, conservative, finite-volume method designed to insure that all conserved

quantities remain monotonic and positive. It is particularly effective in maintaining steep gradients

and generally accurate solutions in both supersonic and subsonic flow calculations. The procedure

for using this one-dimensional algorithm with direction and timestep splitting to produce two-

dimensional or three-dimensional solutions as well as a number of related calculations performed

with it are described in some detail by Oran and Boris [1987]. Specific applications to detonations

are described in references such as Jones et al. [1991al, Oran et al. [1981], Kailasanath et al. [19851,

Guirguis et '1. [1986], and Oran et al. [1988].

Then those parts of the coupled set of equations that describe the chemical reactions, the

ordinary differential equations, are solved separately. The equation

di - -pwtAr exp -
(18)



is solved implicitly and the equation
d(p f ) p i 19

d t 7-,0

is solved explicitly. These results are combined with the FCT solutions for convective transport by

time-step splitting methods, as discussed by Oran and Boris [19871.

3. THE PHYSICAL PROBLEM

The computations model the interaction between two gases: a stoichiometric mixture of hydrogen

and oxygen diluted with argon (H2:O2:Ar/2:1:7) and a lean mixture of hydrogen and oxygen also

diluted with argon (H2 :O2:Ar/0.5:1:7). The schematic diagram of the computational domain,

Figure 2, shows that the primary detonation tube rests on top of the secondary (or bounding)

detonation tube. The tubes are separated fr m each other by a solid barrier that exists until the

position 4.0 cm, when the upper and lower tubes come in contact. The physical dimensions shown

in the schematic correspond to the experimental apparatus used by Liu et al. 11987, 1988]. The

gases are all initially at 1 atm and 298 K.

The properties of the mixtures and the detonations they support were calculated from one-

dimensional computations in which a fixed amount of energy was deposited near the origin in

the form of excess temperature and pressure. The result of such computations is an overdriven

detonation which, in time, decays to CJ conditions. After running such a computation for 20,000

time steps, the detonation velocity was essentially constant. The CJ velocities of the primary and

secondary mixtures were 1560 m/s and 1000 m/s, respectively. The detonation cell sizes for these

mixtures are 0.1 cm and 0.5 cm, respectively, as estimated from data from Strehlow [Strehlow 1984]

for three-dimensional detonations. (For two-dimensional, planar detonations, we would expect the

cell sizes to be somewhat different.)

Parameters in the model are chosen so that the detonation has the CJ velocity corresponding to

the mixture modeled. The energy release for the primary and secondary mixtures was 0.180 kcal/g

and 0.070 kcal/g, respectively, and the molecular weights were 31.6 and 60.0 amu. Values for the

reaction pafameters Ar, Er, A,, and E, are 2.4 x 108 s- 1 , 3.0 x 104 kcal, 5.6840 x 10- 8 s- 1 , Rnd

1.5031 x 104 kcal, respectively, for both mixtures. In addition, the value of y is held constant in

the calculation: it is not allowed to be a function of composition or temperature. This is certainly

an unphysical assumption. Here, however, this is part of the simplified parametric model that

ensures that the values of certain global physical quantities, such as the detonation velocity, have

8



the correct physical vale. Selecting and fitting these parameters must be viewed in the same way

and are at the same level of approximation as the induction parameter model.

The simulations were carried out on an evenly spaced rectangular grid with Ax = Ay = 0.04

cm. The computational domain had 500 computatonal cells in the x-direction and 80 cells in the

y-direction. An average numerical time step, calculated by taking one quarter of the value required

by the Courant condition, is approximately 5 x 10-8 s.

Two types of initial states of the primary detonation were used in the two-dimensional simula-

tions. In the 7verdriven or blast initiation, the initial detonation in the primary explosive is started

by depositing excess energy in the form of high temperat-res and pressures in a small region of the

primary tube that is farthest upstream from the end of the barrier. A detonation quickly develops

in the primary mixture, and by the time it has reached the end of the separating barrier (4.0 cm),

it is still overdriven. In the CJ initiation, the computed one-dimensional profiles of the density,

momentum, energy, pressure, a-id temperature in the vacinity of the detonation front were used to

initialize the planar CJ detonations in the two-dimensional computations.

A number of resolution and other Jetailed numerical tests were done using these model mixtures

and are reported by Jones et al. [1991b]. The essential results aie that for the grid size chosen,

the profiles of the one-dimensional CJ detonation do not vary with change in Ax. rhus for some

purposes, and these will be discussed further in the Discussion section, the detonation computations

presented below are adequately resolved.

4. SHOCK STRUCTURES IN EXPERIMENTS AND SIMULATIONS

The special double-layer shock-tube developed for these experiments [Liu et al. 1987, 1988] can use

various combinations of energetic and nonreactive gases in the upper and lower layers. This facility

consists of two adjacent three-meter long steel detonation tubes containing primary explosive in the

top channel and secondary (or bounding) explosive in the bottom channel. The channels terminate

in a test section 15 cm long in which the steel barrier between the two explosives has been replaced

by a very thnn cellulose film. This film prevents the two explosives from mixing before the arrival

of the detonation, while providing minimal interference in the shock and detonation transmission

process. High-speed Schlieren framing photographs were taken, pressure switches were used to

monitor the velocity of the primary detonation, and pressure transducers mounted on the top and

bottom walls of the test section provided the pressure history in each channel. The sequence of fifty
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Schlieren photographs, each with a 9 ns exposure, show the details of the interaction over a 100 As

period after the beginning of the interaction when the primary detonation first comes into contact

with the bounding mixture at the test section. The primary explosive is ignited far upstream by a

glow plug.

In the experiments, the detonation tubes contained either stoichiometric or lean mixtures

of undiluted hydrogen and oxygen. In the simulations, the detonation tubes contained either

stoichiometric or lean mixtures of hydrogen and oxygen, all diluted with argon. The four sets of

simulations and experiments described here are:

a. The primary mixture is stoichiometric and the secondary mixture is inert.

b. Both the primary and secondary tubes contain the same and stoichiometric mixture, so that

the CJ velocity is the same for both mixtures;

c. The lean mixture is on the top, and the stoichiometric mixture is on the bottom, so that the

CJ velocity of the primary explosive is lower than of the secondary.

d. The primary tube contains the stoichiometric, more energetic mixture, and the bottom tube

contains the lean mixture.

a. Primary Mixture Stoicbiometric; Secondary Mixture Inert

Figure 3 shows Schlieren photographs of a detonation propagating in a stoichiometric mixture

of hydrogen and oxygen, and then the transmission of this detonation into an inert mixture of

hydrogen and nitrogen (H2 :N2 = 16:1). The first frame is in the bottom left column and the

detonation moves from right to left. The interaction in the bounding medium is initiated by an

explosive bubble or blast wave (first seen in frame 2) generated by the high pressure behind the

primary detonation. This wave expands into the secondary mixture and is then reflected from the

lower wall (frame 5). In this case, the transmitted structure becomes an oblique shock and the

second half of the photographs (frames 16 and higher) shows a transition from regular to Mach

reflection.

Figure 4 shows simulations of an overdriven primary detonation in a dilute stoichiometric

mixture tralnsmitted into a mixture of the same composition, but the chemical reactions are not

allowed to occur in the inert, bounding material. As in the experiments, an oblique shock is

transmitted into the inert bounding mixture after a brief transition period. At first, the reflection

at the lower wall is regular, but then the computed reflection pattern becomes more complex than

the observed one as the primary detonation becomes highly curved and decelerates. This difference
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from the experiments, observed after the initial period, is what would be expected from the lcaner

mixture used in the simulation. The leaner mixture has a longer induction zone and then, as shown

by Dabora et al. [1965], the presence of the inert boundary results in a larger wave curvature and

deceleration of the detonation front. The complex structure of the later phases of the reflection at

the lower wall is the result of the decelerating primary wave.

b. Stoichiometric Primary and Secondary Mixtures

Figure 5 shows Schlieren photographs of a detonation propagating in a stoichometric mixture of

hydrogen and oxygen, and then the transmission into the secondary tube containing the same

mixture. Now an oblique shock develops into a Mach reflection in the secondary explosive. In

contrast to the case where the secondary bounding material is inert, the Mach stem is replaced by

a normal accelerating detonation wave that catches up to the primary wave.

According to shock-polar analysis, a complicating factor when the bounding medium is reactive

is that either a detonation or an oblique shock can be transmitted into the bounding medium. Both

configurations have been observed in the experiments. Estimates of the induction length behind a

transmitted oblique shock indicate that it is so large that it is unikely that an oblique shock initiates

a detonation [Liu et al., 1988]. In some cases, it has been found that the initiation of a detonation

in the bounding mixture is extremely sensitive to conditions at the interface between the primary

and secondary explosive [Liu et al., 19871. Thus, in Figure 5, even though the bounding medium

is reactive, an oblique detonation is not induced directly. Instead, a normal detonation is initiated

behind the Mach reflection from the lower wall.

Figure 6 shows the results of a computation in which both the upper and bounding materials

are the stoichiometric argon-diluted mixture and the primary detonation is initially overdriven. At

first, the initial configuration looks very much like the inerted case described above. However, here

a detonation starts behind a Mach reflection at the lower wall and this detoihation then catches up

to the primaLy detonation. Because the only difference between the conditions of the simulations

shown in Figures 4 and 6 is that the bounding gas is reactive in Figure 6, it appears likely that

the accelerating wave is a detonation as in Figure 5, where the striations behind the wave again

identify it as a detonation. By step 3000 in the simulation, the final timestep in the calculation,

the interaction does not appear to have reached any final, steady configuration. The transverse

disturbance (shock wave) formed when the transmitted blast hits the bottom wall is moving upward

(after step 1500) and at step 1900, a new disturbance in the front has appeared spontaneously above

11



it and is also moving up and bounces off the wall at step 2300. By step 2000, the shock formed in

the bounding region has gone through a transition to detonation. At step 3000, a single detonation

spans the test section. The expected final structure in Figure 6 is a propagating detonation with a

highly irregular detonation cell structure, estimated to be approximately 0. 1 cm and so significantly

smaller than the total height of the tube.

Figure 7 shows pressure contours from a computation for the same mixture, but now the

primary detonation is CJ when it reaches the bounding material. These results are qualitatively

similar to those obtained for the overdriven primary detonation: a blast wave moves into the

secondary detonation tube and initiates chemical reaction in the mixture. The structure of the

pressure contours at the front of the detonation wave in the upper tube indicate that the reaction

zone has already started to separate from the shock front. By cycle 1200, the blast wave has made

an irregular or Mach reflection off the bottom of the lower tube and a strongly coupled reactive

shock has formed behind the stem of the reflected shock [Sichel et al., 1990]. After 1400 cycles, the

lower wave has just moved ahead of the decaying detonation in the upper channel and thereafter

continues to accelerate up to CJ velocity. After 1800 cycles the triple point has reflected off the

upper surface of the detonation tube and now a strongly coupled reactive shock spans both channels

of the detonation tube and rapidly transitions to a steady CJ detonation. As before, the simulated

primary wave is more curved than the experimental results because the simulated mixture is more

dilute. However, the main feature of the experiments, that is, the initiation of the secondary

detonation behind a Mach reflection at the lower wall, is reproduced by the simulation.

One important experimental diagnostic is the data from the pressure transducers mounted

on th2 top and bottom surfaces of the test section. Figure 8 shows numerical and experimental

simulations of the pressure as a function of time at the positions of these transducers. Agreement

with the experimental records is excellent. The pressure on the top surface of the test section

(Figure 8a) shows the passage of the initial detonation wave, followed by the interaction of the

reflected shock with the upper surface of the tube at a later stage. The pressure at the lower

station (Figure 8b) shows the initial reflection of the oblique shock wave and then a rapid pressure

increase due to the transition to an irregular reflection. The shock then travels up through the test

section, is reflected off the upper surface, and then its reflection off the bottom surface is visible

towards the end of the trace.
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c. Lean Primary Mixture; Stoichiometric Secondary Mixture

Since detonations with this configuration in pure H2-02 could not be ignited, experiments were

performed with lean methyl ether and oxygen (C2H 60/O 2 ) in the primary tube with an equivalence

ration of 0.5, and stoichiometric undiluted hydrogen and oxygen in the secondary tube. Here the

detonation velocity of the ether mixture is less than that of pure, stoichiometric H2-02, but the

pressure at the detonation front is greater. The Schlieren photographs for this experiment, shown

in Figure 9, show that a detonation initiated in the lower tube soon overtakes the detonation in

the upper tube and runs ahead of it.

Results of a sequence of calculated pressure contours is shown in Figure 10 for the dilute, lean

hydrogen-oxygen mixture starting at the CJ velocity, and in this case we see that both shocks are

decaying and after the initial interaction, no detonation results. After 1000 timesteps, the blast

wave has just reflected off the bottom of the lower tube and a Mach stem has formed. However,

no reaction has been initiated behind the reflected shock. The contours for the mixture in the

upper tube again show decoupling of the reaction front and the shock front and the formation of

a wide induction zone. After 3000 timesteps, the simulation shows that the peak shock pressures

have decayed and there are wide induction zones for both mixtures. By step 3000, the velocity

of the front structure has decayed to 700 m/s and is continuing to decrease with no indication of

detonation reignition.

d. Stoichiometric Primary Mixture; Lean Secondary Mixture

When the bounding mixture is lean, the detonation velocity of the primary explosive is greater

than that of the secondary explosive, so that any detonation induced in the secondary explosive

will be overdriven. Schlieren photographs, Figure 11, show that a complex pattern forms consisting

of an oblique detonation near the lower wall and an oblique shock wave nearer to the primary wave.

Then an oblique detonation, generated near the bottom of the lower shock tube, is connected by an

oblique shock to the interface between the two media. According to the shock-polar analysis [Liou,

19861, both tiodes of interaction observed in this complex refraction are possible. It is ineresting

to speculate on the mechanism by which the oblique detonation is generated in this case. It is

possible that instabilities due to the interface between the primary detonation products and the

unreacted gas behind the oblique shock may provide the initiating disturbance.

Figure 12 shows pressure contours from a numerical simulation in which an overdriven detona-
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tion, initially propagating in the stoichiometric argon-diluted mixture, comes in contact with the

lean argon-diluted mixture. Elapsed times and numerical timesteps are indicated on the figure, in

which the detonation moves from left to right (in contrast to the experimental framing picures, in

which propagation is from right to left). The variation of the velocity of the leading shock with time

is shown in Figure 13. Here the primary detonation is substantially overdriven wh. it reaches the

bounding material. However, the structures formed look very much like those observed experimen-

tally and shown in Figure 11. Starting at 17.4 ps, there is a bubble or blast wave that grows and,

at about 28.8 As, it hits the bottom wall and is reflected, giving reflection patterns that look very

much like the experiments shown in Figure 11. Between 28.8 As and 34.9 As, the interaction has

evolved into what appears as an oblique shock transmitted into the secondary explosive. Then a

further transition occurs near the lower wall resulting in what appears to be an oblique detonation.

By this time the velocity of the primary detonation has reached a steady value of 1600 m/s. The

pressure contours beyond 55.8 As display the same combined oblique shock and oblique detonation

pattern observed in Figure 11.

Figure 14 shows pressure contours from a computation for the same mixtures, but now the

detonation in the primary tube is a CJ detonation when it reaches the bounding material. In this

case, the results are qualitatively quite different in that the transmitted detonation first appears to

die out as the leading shock becomes decoupled from the reaction front. However, it then reignites

as a result of a series of shock reflections and propagates as a complex, nonsteady dynamic structure.

By timestep 200, the detonation reaches a location where there is no longer a barrier separating it

from the mixture in the bottom tube. It then transmits a bubble into the lean mixture below as it

continues to propagate in the upper stoichiometric mixture. By step 800, the system has evolved

so that the detonation on the top is connected to a very oblique leading shock on the bottom,

and the transmitted bubble has reflected from the lower wall. Then the entire system continues

to weaken, except for the complex shock structure formed when the bubble reflects from the lower

wall. This reflected shock structure steepens and, some time after step 2000, becomes very intense

and appears to ignite near the Mach stem formed on the bottom. By steps 2400 or 2600, there

are two very strong waves, one on top and one on the bottom, and these continue to grow to form

what finally appears to be a reestablished propagating detonation.

Figure 15 shows a history of the mean velocity of the overall structure, taken as the velocity of

the leading shock wave. After the detonation reaches the barrier, its velocity decreases with time

14



to a minimum, after which it starts to increase again after the shock and the reaction front in the

upper tube are reunited. We refer to the detonation thus formed as a marginal detonation. In the

next section, we examine the extinction and reignition of this marginal detonation in considerable

detail, as this provides an important example of what has been referred to as an "explosion within

an explosion." This process plays a key role in the reignition of marginal detonations and in

deflagration-to-detonation transitions.

5. DECAY AND REIGNITION OF THE MARGINAL DETONATION

Several approaches are possible for describing the complex shock and detonation physics occurring

in this system. After some efforts, we decided that describing the evolution of the system as a whole

tends to be too confusing. Therefore, we have chosen to break the description into a discussion of:

- the initial detonation transmission and expanding bubble,

- the detonation decay and reignition in the upper, primary material,

- the shock and reignition in the secondary material, and then

- the overall interaction process.

5a. Detonation Thansmission

As the detonation expands into the lower tube, the expansion and side relief causes the leading

shock to decouple from the reaction front while a blast wave or bubble moves down into the lean

material. As the primary detonation passes the barrier, the flow turns around under the barrier

and a complex vortical structure forms. Some time before step 700, the bubble shock reflects from

Othe bottom wall and then moves upward. This reflected shock further heats and compresses the

unreacted material behind it, perhaps even igniting it. Figure 14 also shows a transverse wave

structure at the detonation front in the top half of the tube. This structure initially appears at the

contact surface between the two materials and it seems to have been generated by the disturbance

whose orgin is the interface between the two materials.

5b. Decay of the Primary Detonation

The originally planar detonation wave propagating in the top channel is weakened by the expansion

process occurring below it. For some time, this upper wave structure is characterized by a closely

coupled leading shock and a reaction front, at least through step 1400. For example, Figure 16

shows enlargements of the pressure and temperature contours from steps 1200 to 2000. Around the

reaction front at step 1200, the coupling between the shock and reaction front is still fairly close
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so that this upper wave structure might still be called a detonation. The temperature and density

(not shown) contours show the contact discontinuity between the products of the primary mixture

and the unburned secondary mixture behind the oblique shock wave. However, between steps 1600

and 1800, the shock and reaction front become more and more decoupled to the point that the

upper structure can no ionger be called a detonation and, as shown in Figure 15, the primary front

continues to decelerat..

The complex structure behind the leading shock, apparent in the temperature contours but

not seen in the pressure contours, is a flame-like structure we call a reaction wave. This wave is not

a detonation, for while the temperature changes across typical flames are large, pressure changes

are usually minimal. The location of the steep gradient behind the leading shock indicates the end

of the reaction zone of the detonation, that is, the location at which the gas is fully reacted and

energy release is essentially complete. As time advances, the temperature contours of the upper

wave structure show more and more separation between the leading shock and the reaction wave

until the reaction wave becomes decoupled from the leading shock while the combined system of

shocks and reaction waves decays in time. The upper transverse wave, already noted above, appears

to reflect from the upper wall and may account for the "wrinkled" shape of the reaction wave shown

in steps 1600 to 2000.

5c. The Reflected Bubble Shock

Upstream of the leading shock structure, there is a secondary shock that has developed from the

reflection of the bubble off the lower wall. This reflected bubble shock is first evident at step 800.

As this shock moves upward in the chamber, it accelerates and moves first into unreacted lean

gas and then into the fully reacted gas behind the primary detonation. By step 1600, this shock

hits the top wall and produces another reflected shock moving downwards and upstream into fully

reacted material and away from the propagating fronts. This second reflected shock subsequently

sweeps down in the tube behind the bulk of the structure and finally reflects hom the bottom wall

near step 2400.

5d. Reignition of the Detonation Wave

Now consider Figure 17, which contains a series of traces of selected parts of the shock and reaction

wave in the upper tube. This figure contains a composite of information taken from pressure,

density, temperature, and reaction-variable contours. Figure 17a is a sequence showing just the
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leading shock and the reaction wave. By step 2000, the reaction front and the leading shock are

still separating. Figure 17b repeats step 2000, but now includes the upstream shock that resulted

from the bubble reflection. In time, this shock steepens and eventually meets the decaying reaction

wave at step 2200. By step 2400, the bubble shock and the reaction wave are now a closely

coupled complex, looking somewhat like a detonation, and overtaking the leading shock. This

sudden merging of the flame and shock wave initiates the process which, by step 2900, leads to

reacceleration of the leading shock front.

The reignition that occurs in the upper tube is a key phenomenon that occurs when a shock

wave overtakes a reaction wave, flame, or deflagration. After the shock overtakes the reaction

wave, the complex that is formed (the two close contours at step 2400 in Figure 17b) accelerates

with respect to the leading shock. This new complex reaction wave is moving at approximately

1600 m/s, which is substantially above the 1200 m/s of the leading shock, and supersonic with

respect to the material behind the leading shock. The temperature behind the leading shock is

1200 K, and the speed of sound in this material is about 700 m/s, so that this complex behaves like

a strong, high-speed detonation moving through this material. The reignition process thus seems

to be associated with the strengthening of the bubble shock.

Ignition of a detonation structure in the lower tube occurs some time between steps 2000 and

2200 near the lower reflecting wall. Figure 18 shows a composite and enlargement of pressure and

temperature contours for steps 2200 through 2800. The reaction process occurring on the bottom

at step 2200 is similar to a mode of ignition observed in previous simulations and described in

detail by Jones et al. [1991a] and Sichel et al. 11990]. Here it intensifies the bubble shock which, as

noted above, meets the upper reaction wave and becomes a detonation structure in the upper tube,

as is evident in step 2400. Step 2600 shows complex combined shock and detonation structures

propagating toward each other from the upper and lower reflecting surfaces. The pressure contours

show closely coupled detonation structures on both the top and bottom, connected by a curved

shock in the center. At this point, the original leading shock still leads the detonations on the top

and bottom. By step 2800, the upper detonation has almost overtaken the leading shock, and by

step 3000, as shown in Figure 19, it has merged with the leading shock to form one structure. Until

this time, the velocity of the combined detonation structure has been constantly decaying to below

the CJ value of the upper mixture, but it has never decayed to below the CJ velocity of the lower

mixture. Near step 2900, as seen in the velocity-history profile in Figure 15, the velocity of the

combined structure suddenly begins to increase.
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5e. The Final (?) State

In computations of the type reported here and in experiments, there is always the question whether

the detonating system has reached a final steady state mode of propagation. The present calcu-

lations have been extended to 5000 time steps. By this time reignition has occurred separately in

both the top and bottom mixtures and the resultant detonations have merged to form the configu-

ration shown in Figure 19. The system has evolved into an approximately normal detonation in the

primary mixture connnected by an oblique shock to a detonation in the lower, secondary mixture.

This configuration is similar to those observed experimentally [Liu et al. 1988] when the primary

H2-0 2 mixture is stoichiometric and the secondary mixture is lean, but here, too, it is not entirely

clear whether the interaction has reached a final steady state at the end of the observation period.

Figure 15 shows that by the time the computation was terminated at step 5000, the velocity of the

complex had not reached its final value, but was still increasing.

6. DISCUSSION

In this paper, we have summarized a series of numerical computations describing the glancing

interaction of a detonation in a diluted stoichiometric hydrogen-oxygen mixture with a bounding

layer of inert or explosive material. Four sets of simulations are described: a) the primary mixture is

stoichiometric and the secondary mixture is inert; b) both the primary and bounding layer contain

the same and stoichiometric mixture, so that the CJ velocity is the same for both mixtures; c)

the primary mixture is lean and the bounding mixture is stoichiometric, so that the CJ velocity of

the primary explosive is lower than that of the secondary; and d) the primary tube contains the

stoichiometric, more energetic mixture, and the bottom tube contains the lean mixture.

While the simulations considered dilute hydrogen-oxygen mixtures, experimental data was

available from previous experiments conducted using undiluted mixtures as well as methyl ether

with pure hydrogen-oxygen. However, the relative values of the CJ velocities of the primary and

bounding mixtures are the main parameters governing the interaction and these were reproduced

in the simulations. By comparing the computed complex shock-detonation structures to those ob-

tained in similar experiments, we were able to gain confidence in the predictions of the simulations

as well as note important similarities and differences. We observed that the simulations generally

reproduced the overall interacion patterns observed in the experiments. This is particularly true
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for comparisons between the computations of overdriven primary detonations in diluted hydrogen-

oxygen mixtures to CJ detonations in the undiluted mixtures. This agreement in the resulting

structure occurs because the extra energy associated with the overdriven primary detonation com-

pensates for the effects of dilution.

In every case, the primary detonation expands into the bounding material as a blast wave that

eventually hits a containing wall. Then depending on the degree of overdrive and the properties of

the two explosives,

- the detonation may die out as it expands into the bounding medium as the accompanying side

relief causes the primary shock front to decouple from the reation wave,

- the bounding mixture is energetic enough or the transmitted bubble shock is strong enough so

that the transmitted detonation reignites before the transmitted bubble shock reflects,

- the reflection of the bubble shock causes ignition behind it in the twice-shocked, unreacted

material,

- the reflected bubble shock itself is not hot enough to cause immediate ignition in the reflected

shock region, but because of the curved bubble shock reflecting from the bounding wall, a

double Mach reflection results and the resultant high temperatures and pressures cause ignition.

All of these scenarios are observed in the simulations and in the experiments.

Once the system reignites, it can evolve into one of a number of complex configurations consist-

ing of shocks and oblique and curved detonations. As already indicated, a key element determining

the interaction between the explosive layers appears to be the relation between the CJ velocities

of the two mixtures, which determines whether or not the detonation in the secondary explosive

is overdriven by the primary explosive. The situations described here are sufficiently dynamic and

complex, so that they cannot be described by classical steady-state theories based on shock and

detonation polars, although the results of such analysis do provide some guide to the final configu-

ration [Liou 1986]. Thus when the secondary wave is sufficiently overdriven by the primary wave,

the polar theory predicts that the transmitted wave will be either an oblique shock or, if conditions

are favorablE to initiation, an oblique detonation. As already indicated, this simple theory provides

no indication as to which of these final configuration will arise; this depends on unsteady processes

of the type treated here.

For the overdriven computations that compare most closely with the undiluted hydrogen-

oxygen experiments,
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- When the bounding material is inert, regular or Mach reflection occurs at the lower boundary

and the complexity of the resulting combined structure seems to depend on the mixture. In

the simulations, the propagating detonation becomes highly curved, and a very complex shock

structure forms that moves steadily through the system. The undiluted mixtures used in the

experiments also show a transition from regular to Mach reflection, but a relatively simpler

structure results.

- When the bounding material is identical to the primary explosive, complicated transient struc-

tures develop initially. Then if the primary detonation is strong enough to impart sufficient

impulse to the unreacted material, the final structure would be a single propagating detona-

tion with a cellular pattern characteristic of the material. The initial stages of this transition

appear to be what is observed in both the experiments and the simulations. When the primary

detonation is relatively weak, the whole detonation system could decay.

- In some cases of a lean bounding explosive, the experiments show a complex pattern consisting

of an oblique detonation near the lower wall and an oblique shock wave. The simulations

show structures that look very much like those seen in the experiments, again showing the

propagating detonation connected to an oblique shock which, in turn, is connected to an

oblique detonation. However, at the time the simulation was terminated, it did not appear

that the configuration had reached a steady-state pattern.

Comparisons of simulations with CJ and overdriven primary detonations show that the mode

of initiation can significantly affect the development of the interaction, a result that is in accord with

many experimental observations. In particular, we consider the simulation of the stoichiometric

mixture into the lean mixture. For the overdriven case, specifically a case where the velocity of the

primary detonation was 54% over CJ, the system quickly evolves into a structure that propagates

at the CJ velocity of the primary mixture. For the case where the primary detonation starts at CJ

velocity, the detonation almost dies out, but then reignites due to subsequent ignition in a Mach

stem that forms as the curved bubble shock reflects.

The suaden explosive reignition occurring in the Mach stem of the reflected bubble shock is

similar to the mechanism reported in experiments by Teodorczyk et al. [1989]. These authors stud-

ied the propagation of quasi-detonations, which are detonations that propagate in very rough tubes

at speeds substantially below the CJ velocity. In a series of experiments showing the propagation

of a detonation over an obstacle and the diffraction of a detonation from a corner, they noted the
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importance of shock reflections from the wall in the overall reinitiation process. If they delayed

the reflections by changing the spacing of obstacles or walls, the transition to the quasi-detonation

state is delayed. These experiments also showed that if the Mach stem formed on shock reflection

is strong enough, the detonation can reignite.

Sichel [1990] compared the framing Schlieren photographs of the diffraction at a step of a

stoichiometric H2-0 2 detonation at a pressure of 120 torr [Teodorczyk et al. 1989] and the results

of the simulation of a layered detonation where both the primary and secondary mixtures were the

same dilute stoichiometric H2-0 2 mixture described above [Jones et al. 1991a]. A comparison of

Fig. 6 from Teodorczyk with Fig. 10 from Jones showed that the main features of the diffraction were

reproduced by the simulation. The two configurations are somewhat different: one case is diffraction

at a step and the other is an interaction between two layers. The two explosive mixtures being

compared also are different, but the low pressure in the experiments tends to increase induction

and reaction distances in the same way as the argon dilution of the mixture considered in the

simulation. In this sense the simulation mirrors the experiment, as is supported by the fact that

the simulation reproduces the main features of the observed interaction.

The exact physical mechanism by which this reignition of the decaying detonation occurs is not

clear and two different mechanisms are possible here: the detonation can reignite by autoignition as

a consequence of adiabatic shock heating or vortex mixing in the shear layer near the wall behind

the Mach stem. It is clear from many computations that the wave structure behind the Mach stem

is complex and there are regions where shocks intersect and the temperature reaches the ignition

temperature. There are also shear layers entraining and mixing material that has chemically reacted

in varying amounts. In the present simulations, we have not been able to say definitively which of

these mechanisms is responsible for the observed ignition because there is insufficient resolution in

the computations. However, the nature of this ignition process is now being examined in some detail

both by theory and computations. The ignition near the Mach stem coincides with an acceleration

and straightening of the bubble shock so that it interacts with the reaction front in the upper wave

structure. The interaction of the bubble shock and reaction front accelerates the reaction front so

that a detonation is formed in the top layer and this detonation moves and eventually combines

with the leading shock to form one structure.

There are several points on which it is interesting to speculate. First, if the tube were wider,

would the detonation reignite? Another way of asking this question is to ask, how important is the
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bounding bottom wall in the reignition process? Tne process described above could not happen

without the presence of the reflected bubble shock, which results in both the lower Mach stem and

the upper shock-flame interaction. Even when there are no obstacles to cause reflection when a

material is heated long enough, ignition occurs "spontaneously." Thus ignition might seem to occur

spontaneously or perhaps the detonation might never die if either the bounding medium is more

energetic or if the primary detonation is overdriven. This effect provides an alternate reignition

mechanism to what we see in the situation simulated above.

The medium behind the detonation is subject to an extremely complex combination of shocks,

reaction zones, and slip lines. The phenomena observed in the present simulation can be considered

examples of "explosions within explosions," a phrase first used by Urtiew and Oppenheim [Urtiew

and Oppenheim 1965, 1966; Oppenheim et al. 1975], and recently summarized and extended in

concept by Sichel [19901. The idea expressed by this phrase is rather general: an explosive mixture

is sensitized through a sequence of gas-dynamic, physical, or chemical processes to the point where

a small disturbance is enough to set off rapid exothermic chemical reaction processes leading to

deLonation.

Consider a planar detonation propagating at the CJ velocity in a medium bounded by per-

fectly reflecting walls. This configuration is inherently unstable. If the computational resolution

were high enough and the system were perturbed, we would see the planar front change to one

with dynamically changing shock structure (Oran et al. 1981, Kailasanath et al. 1985, Oran et al.

19881. In fact, a real detonation in this mixture has a complex structure at the front consisting of

interacting incident shocks, Mach stems, and transverse waves that produce the complex pattern

of triple points that, when regular enough, lead to what are called detonation cells. However, be-

cause the numerical algorithm is conservative, with the choice of model parameters the detonation

propagates at the correct velocity, and structures on scales large compared to the cell size can

be expected to be fairly accurate. This is substantiated by the similarity noted by Jones et al.

[1991al among computational and laboratory experimental results, and we generally expect this to

be true as tong as the detonation cells are small enough compared to the larger-scale flow struc-

tures of interest here. We therefore assume that the multidimensional calculation on the scale of

the phenomena observed is converged enough so that further refining the computational grid would

only show more small-scale structure, but would not change the basic properties of the large-scrle

structure we see. This last observation has been verified to some extent in a series of extremely
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resolved computations by Kailasanath et al. [19901 and by the agreement between the simulated

and observed detonation diffraction patterns at a step. In order to begin to resolve the complex

cellular shock structure at the shock front, we would require a computation with about 1000 com-

putational cells in the vertical direction, and perhaps about 2000 in the horizontal direction. Such

compressible computations with simplified chemistry models, while now certainly possible, would

require the largest supercomputers. The advantages to be gained from such extensive calculations

are not clear at this point, especially since at thL relatively high pressure of 1 atm of this simulation,

we expect the microscopic structure to be very irregular causing the detonation to appear almost

planar on our more macroscopic scale.

In light of the discussion above, some comments on the relative dimensions of the observed

detonation cell size A and the width of the detonation channels are appropriate. Extrapolations from

data in Strehlow [1984] indicate an approximate cell size of 0.1 cm for the stoichiometric mixture

at standard temperature and pressure. The dilute mixture will have an even larger detonation cell

size, estimated to be about 0.5 cm. The lateral dimension of each of the detonation tubes is 1.6 cm,

so that there would be approximately 16 detonation cells across the top tube but the secondary

mixture might only support about three cells. The 13X criterion states that a detonation will not

propagate from a cylindrical tube of diameter d into a larger space unless d > 13X. This criterion,

however, depends very much on the geometry. The present simulations are two-dimensional and so

correspond to a detonation propagating through a rectangular channel with an effectively infinite

aspect ratio, and under these conditions the recent survey by Guirao et al. [1989 indicates that

the detonation will be reestablished if the channel width is greater than 3A. A further constraint

is that detonations can propagate in circular tubes only if the criterion ird > A is satisfied. For

the conditions considered here, the number of detonation cells within the system is large enough to

meet these critpria. In this context, it should also be noted that the 13A or 3A criteria are based en

discharge into an infinite medium. Both the experiments and simulations described here suggest

these criteria may no longer be applicable when obstacles or confining walls are present.

A typical computation required approximately 25 ps/timestep/computational cell on a Cray X-

MP/14. As with many large-scale multidimensional calculations, we have reached the point where

the computational time is considerably less than the analysis time of the output and time taken to

generate the diagnostics. This is certainly true for complex two-dimensional calculations and would

be even more true for three-dimensional calculations, where the graphical display capabilities are

even more rudimentary.
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Figure 3. Schieren framing photographs, inert secondary mixture. Primary midxture H2:02/2:1;

secondary mixture (inert) H2:N2/16:1. Note that the detonation is moving from right to left.
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Figure 8. Simulated and experimental pressure traces at the top and bottom of the test section for

the case of a stoichiometric mixture in both primary and secondary tubes and a CJ detonation

in the primary mixture.
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Figure 1-3. Velocity of the overdriven shock-detonation complex as a function of tirnestep for the

computation shown in Figure 12.
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stoichiometric hydrogen-oxygen mixture into a lean mixture. The vertical height is 3.2 cm and

the horizontal expanse is 20 cm. One tiniestep is approximately 5.0 x 10-8 seconds.

41



1600 5 ** ,, .*. *

1550,

1500'

S1450-

>.1400-

8 1350'

> 1300-

1250-

1200-

0 1000 2000 3000 4000 5000
TIMESTEP
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tation shown in Figure 14.
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Figure 16. Pressure and temperature contours for steps 1200 to 2000, showing the decoupling of

the shock and reaction wave in the primary detonation and possible reignition in the Mach

stemn in the lean mixture.
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Figure 18. Pressure arnd temperature contours for steps 2200, 2400, 2600, and 2800 showing

reignition in the primary and secondary mixtures.
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